Abstract
Introduction
Actuators are one of the most significant integral parts of robotic mechanisms. Flapping mechanisms [l] , [Z] , [3] require actuators with large periodic stroke (rotational) motion (30 -150') at high speed (10-100s of H z ) with large output forces for overcoming the aerodynamic damping. Moreover, light weight (10s of mg), high efficiency, long life time, and compact size are important issues. Piezoelectric actuators with proper design almost satisfy all of these requirements. There are different types of piezoelectric actuators such as stack [4] and bending [5] types, motors, impact type, etc. The stack type enables very high output forces although it has large size and weight, and smaller displacement relative to the bending type. Thus, flexural bending actuators generally generate large deflection with low weight. Therefore, bimorphs and unimorphs are more suitable for microaerial flapping applications [6] , [3] , [7] . These actuators consist of piezoelectric layers bonded to a purely elastic layer. Since they are easier to fabricate, the unimorph type is selected in this study.
Unimorph actuators have been studied by many groups [8] , [9] , [lo] , [ll] , [la] , [13] . Its one dimensional beam theory is well established [8] . Characteristic parameters based on this theory were formulated [13] . Utilizing uniniorphs in flapping mechanisms, Cox et al. 171 developed four-bar and five-bar flexure mechanisms integrated with unimorph actuators for stroke motions upto Taking the microaerial flapping mechanisms as the target application in this paper, design issues, selection of the proper actuator, and its fabrication and characterization are investigated. PZT-5H and a recently developed PZN-PT single crystal material [14] are investigated as the piezoelectric layers. PZT-5H is a widely used soft piezoelectric ceramic. Strain levels as high as 1.7% can be achieved in PZN-PT depending on composition, orientation and the applied electric field. Miniature actuators are fabricated and characterized to evaluate their performance for flapping actuation.
30 -50".
Unimorph Actuators
A standard rectangular shape unimorph actuator under activation is illustrated in Figure 1 . The actuator consists of a single piezoelectric layer bonded to a purely elastic layer. Steel or titanium is usually chosen for the elastic layer. When a voltage is applied across the thickness of the piezoelectric layer, longitudinal and transverse strain develop. The elastic layer opposes the transverse strain which leads to a bending deformation.
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Figure 1: Basic cantilevered rectangular shape unimorph actuator structure. Rectangular piezoelectric and steel layers are cut using a high-speed cut-off saw (Accutom 50) with desired dimensions. For the piezo layers, the as-received thicknesses are used, and polishing is not necessary. Then, the cut layers are bonded using a thin epoxy glue (M-Bond 610, Measurement Groups Inc.) with a slight offset along the width, and cured for 24 hours a t room temperature.
Unloaded Unimorph Equations
A conductive epoxy (CW2400, Chemtronics) is applied to the side offset edge for connecting the piezo lower electrode with the steel layer. Next, wires are soldered to the steel and piezoelectric electrodes using a soldering flux Piezo Systems, Inc.) , and the actuator is fixed to a holder for tests. Example prototypes of the PZT-5H and PZN-PT unimorphs are displayed in Figure 2 . A close side view of the PZT-5H actuator is also displayed in Figure 3 for showing the piezo, steel and glue layers. 
Actuator Design Issues
For a flapping mechanism with a wing load on it, design parameters such as unimorph dimensions, output torque, resonant frequency, required transmission ratio, quality factor, weight, etc. are t o be selected for optimal performance. In our proposed flapping mechanism, a four-bar mechanism is coupled with the unimorph actuator for the stroke amplification 161, [3] . Assuming there is a wing as a load with inertia J, and damping B,, and a fourbar based transmission mechanism with stiffness Kt and stroke amplification (transmission ratio) T , a linear approximate dynamic modeling of Figure 4 gives:
where 4 is the flapping stroke angle, and K , is the actuator rotational stiffness. Here, the actuator damping B, and inertia J, are assumed to be negligible with respect to the load damping and inertia. energy, and poor controllability of wing amplitude and phase due t o actuator saturation. As shown in the data by Sotavalta [15] , blowflies have a relatively low Q, estimated on the order of 1-3. For the MFI, we choose the quality factor of the wing and thorax as Q , = 2.5, as a higher Q , system requires a lower transmission ratio and less actuator motion at DC.
Selection of
To have a low Q,, i.e. maneuverable wing, the wing inertia is:
W
The actuator stiffness, as seen a t the wing hinge, must resonate a t w , hence:
The four-bar transmission converts the small rotation of the actuator t9 to the wing rotation 4 by a transmission ratio T . At DC, the displacement of the wing is just 
The average power at the wing is also another important parameter for the design which can be computed where B, = K , / ( Q a w ) , Qa = 20 and K , = T2(K1 -Kt).
Furthermore, the mass of the actuator m, is limited for enabling a total flying robot mass of m = 0.1 9.. Therefore, m, = ( p p h p + p,h,)lw should be also checked.
On the other hand, the thickness ratio of PZT and elastic layers is important t o select for maximum d i s placement and force. For a given h, = 127 p m , the effect of changing h, on the normalized values of bdc, Fb and fT are shown in Figure 5 . In the figure, depending on the design criteria, h, could be selected to maximize &c (h, = 35 y m case), or maximize Fb (h, is as large as possible case). In our case, since both 6 d c and Fb are t o be maximized, the following relation is used [13] for choosing h,:
In the figure, this corresponds to h, = 76 pm (dashed line). Morever, following constraints exist for h, selection: Figure 6 : Electrical equivalent of the whole system where the hysteretic capacitor is the only nonlinear element.
Piezoelectric internal inertia and damping turn out to be negligible compared to the wing parameters. For the piezoelectric actuator, a model is introduced which is valid for frequencies up to resonance. More complex models which take the linear dynamics at high frequencies into account are also available. In [lo) , tip deflection 6, volume displacement and electrode charge q of the piezoelectric actuator are dynamically related to the moment and force Fb at the tip, uniform body pressure, and electrode voltage V by means of a 4 x 4 frequencyvarying symmetric matrix. Since electrode voltage and current (or charge) and tip force and displacement are important in our case, only the 2 x 2 submatrix can be utilized:
The Above matrix describes a 2-port electromechanical system whose electrical variables are voltage and charge while the mechanical parameters are force and displacement. An equivalent 2-port electrical system can be obtained by letting the force be represented by a voltage and displacement by a charge (i.e. mechanical speed is equivalent to current). The electrical equivalent to the 2 x 2 electromechanical matrix is shown in Figure 7 . The circuit in Figure 7 completely describes the linear behavior of the piezo actuator at all frequencies, and since it is described by a linear partial differential equation (acoustic waves in piezoelectric material), 2 1 , 2 2 cannot be expected to be equivalent to simple devices such as capacitors, resistors and inductors (or networks with a finite number of them) because otherwise the system in Eq. (12) could be simply described by an ordinary Electrical 2-port circuit equivalent to the elec-differential equation. Since we are operating a t low frequencies (even 10 times lower than the first mode of the actuator) the following aproximations can be used: 0 N = T is constant (this is valid even at frequencies higher than the first mode), 0 2 1 is a linear capacitor (the parasitic capacitance of piezoelectric materials), 0 2 2 is a RLC series impedance where R (resistor) represents damping, L (inductor) represents equivalent mass of the actuator, and C (capacitor) is related to the mechanical stiffness.
In Figure 6 , the elements related to the PZT actuator are almost the same as the circuit in Figure 7 . The difference is that, at the electrical port of the piezoelectric actuator two elements have been added: a resistor Rloss to deal with DC leakage at high fields and a nonlinear capacitor responsible for the hysteretic behavior. In [4] it has been pointed out experimentally why such hysteresis is rate independent (described by a capacitor whose voltage-charge relation is a nonlinear hysteretic function independent of frequency), and how to practically model it.
Square Wave Driving
In Figure 6 , on the left, the power supply and switching stage are shown. Since power is a first concern in Aying mechanisms, switching has to be used (linear drive would lead to high power consumption) together with techniques to reduce dissipation in switching capacitors [16] , i.e. in this case, the parasitic capacitance of the piezoelectric actuator is the main issue. Assuming that perfect square waves are obtained from the switching stage, these waves are directly applied to the capacitor (both the linear and the hysteretic one). By connecting discharged capacitors to a power supply, high currents are produced which charge capacitors rapidly and independently from the rest of the circuit (which is mainly inductive, i.e slow to follow sudden voltage variations, and behaves as if disconnected). Also, since capacitors charge up (or even discharge in the second half of the square wave) much faster than any other voltage variation in the rest of the circuit, square waves can be assumed on the capacitors. Therefore, a square wave source just after the piezoelectric transformer (Tpzt is assumed constant similarly to the transformer ratio in Figure 7 ) is used. Here, Tpzt is constant over frequencies ranging from 0 to frequencies higher than the first mode, i.e. more than 10 times higher than the first harmonic of our square wave. This means that for the first 10 harmonics of the square wave Tpzt is constant, and distortion will only affect harmonics after the 10th one. Such a distortion will not modify the square wave since most energy is distributed over the first 10 harmonics.
Next, Thevenin's theorem is applied t o the circuit in Figure 8a , and an equivalent circuit is obtained in Figure 8b by neglecting P Z T damping and equivalent mass.
Applying a square wave t o this RLC circuit, 0 and 0 behavior is observed as given in Figure 9 . Although we are in the linear case, waveforms are distorted sinusoids. In the linear case, the output can be thought as a square wave filtered by the second order system. The filter is a resonant one, and Lwzng and N 2 C s t t f f are designed to resonate at 150 Hz . The output's most relevant harmonic is the first (a sine a t 150Hz, tuned with the resonant frequency of the filter) while the others will be attenuated. Therefore, higher harmonics are present with a small amount of energy, and their contribution leads t o a distorted sine. By choosing a square wave with a different duty cycle, it is possible to have an input with different energy distributions among harmonics so that 0 can be reshaped.
Figure 8: (a) Thevenin's theorem for linear networks is applied to the part of network on the left of the dashed line and so it is independent on the load whether it is linear or not. b) After applying Thevenin's theorem, only the capacitor is left since PZT damping and equivalent mass (resistor and inductor) are negligible compared to the load damping and inertia. Piezoelectric actuators exhibit parasitic capacitance and many problematic power issues arise from charging or discharging such a capacitor by means of a constant voltage source and a switching stage. In [16] , Athas et a1 showed that capacitors can be charged efficiently with a voltage ramp (i.e. a constant current source) but circuits for generating such an input tend to dissipate too much energy in the power supply itself, even without a load. The basic operation of a simple charge recovery system is shown in Figure 10 . This circuit introduces an inductor into the system to take advantage of the oscillatory nature of LC circuits. When the switch is closed, the voltage across the capacitor is reversed. A proof-of-concept experiment using low voltage and a real capacitor, rather than a piezo, is shown in Figure 10d .
Actuator Characterization
During the experiments, unipolar input voltages are applied t o diminish hysteresis and depolarization problems. The uniniorph tip deflection is measured using an optical detection system as shown in Figure 11 . In this setup, a horizontal helium neon laser beam i s focused onto a perpendicular 1-D photo diode array (SL5-2, UDT Sensors Inc.). Then, the unirnorph tip is positioned in between so that the tip motion is measwed by the inotion of its shadow on the sensor. A dynamic signal analyzer (HP-3562A) is utilized for frequency response characteristic measurements. For quai-static measurements a PC-based real-time (10 -15 K N z ) ADC and DAC board (Multi& data acquisition board, Quanser Consulting Inc.) is used in a Sinmlink programming environment. The blocking force is measured with a semiconductor strain gauge (Entran Inc., ESB-020) glued on the base of a rigid brass beam where the setup is shown in Figure 12 . The unimorph tip is contacted to the beam end, and the perpendicular force at the beam is measured as P I . The actuator output force also bends the flexible brass beam with 61 displacement, and this bending is measured by a side view optical microscope. Thus, measuring the free deflection 6dc previously, F b is computed from For prototype 16 x 3 x 0.21 mm3 PZT-5H and 5 x 1 x 0.22 mm3 PZN-PT unimorphs, all parameters are measured, and compared with the theoretical results as given in Table 3 . Here, superscript t denotes the theoretical values, and fi. is measured at V = 12 V. For each unimorph, h, = 76 pnz.The cxperimental resonant frequency and blocking forces are lower than the theoretical ones, due to the nonlinearities at high voltages. On the other hand, although bdc of the PZN-PT unimorph is around 4 times less than the PZT-5H one, it rotates 1.25 times more since it is 3 times shorter. Thus, if the proper T is selected as shown in Table 2 , PZN-PT and PZT unimorphs could have a similar flapping actuation performance while the PZN-PT unimorph is around 8 times less in size and weight.
The electrical hysteresis of a 10 x 2 x 0.15 mm3 size PZT-513 unimorpli i s measured using the circuit with a series resistor and sinusoidal input as illustrated in Figure  13a .. Here, the charge in the piezo actuator is integrated from the measured current. Resulting charge hysteresis is displayed in Figure 13b . The hysteretic area corresponds to the dissipated energy by the hysteretic capacitor during a charging and discliarging cycle, and it is computed as 0.6 mW at 150 H z . This value is small compared, to the theoretical 10 mW total output power on the load.
The effect of increasing the electric field on the mechanical hysteresis measured at 1 H z is shown in Figure  14 . As can be seen in the figure, mechanical hysteresis, i.e. the structural damping, increases by the higher voltage.
For the dynamic response cha.racteristic, the frequency response plots (amplitude and phase) are illustrated in Figure 15 , and from the plot, f,. and Q can be computed. As can be seen from the figures, f,. a,nd Q are lowered by increasing the input voltage. This effect could be due to the nonlinear behavior of the actuator where the piezoelectric layer stiffness is decreased by the increased field [ l a ] . This stiffness change is also observed for our unimorphs as displayed in Figure 16 . The PZN-PT becomes relatively more compliant at the increased electric field with respect to the PZT-5H unimorph.
Conclusion
Developnient of the unimorph actuators for a microaerial In order to increase the displacement and output torque performance of the unimorphs with smaller dimensions, prestressing could be a possible solution which is future work. Moreover, switching-based low-loss driving electronics for the actuators will be fabricated as an on-board module using microelectronics technologies. Then, a compact and light weight microaerial robot actuation mechanism would become possible. 
